Based on multiscale methods the mechanical behavior for the interface of carbon nanotube and -alumina is analyzed. The stress transfer between nanotube and alumina is provided by van der Waals interaction. Using cohesive law the relationship between normal stress (shear stress) and displacement is studied, as well as the stress intensity. The stress distribution of the interface is obtained by improved COX model. The strain rate of nanotube-composite is presented when the interfacial slip occurs through the van der Waals interaction.
Introduction
The main goal of computational materials science is the rapid and accurate prediction of properties of new materials before their development and production. In order to develop new materials and composites with designed new properties, it is essential that these properties can be predicted before preparation, processing, and characterization.
In recent years, a new field in the improvement of ceramic brittle has been opened up by using short fiber as the reinforcement, and there are more and more experiments and theoretical research publishing the toughening effect by using carbon nanotube (CNTs) as the ceramic reinforcement [1] [2] [3] [4] . However, carbon nanotubes do not bond well to ceramic, and their interactions are due to van der Waals force, which is much weaker than covalent bonds. This leads to sliding of CNTs in the ceramic-matrix when subjected to loading.
Nanocomposites possess a large amount of interfaces due to the small size of reinforcements. The interface behavior can significantly affect the mechanical properties of nanocomposites. Chowdhury and Okabe [5] studied the mechanical behavior of the interface of CNTs and polymer by using molecular dynamics method that there are chemical crosslinks in it. Chen et al. [6] analyzed the failure mode and designed optimal toughness of carbon nanotube-reinforced composites when there is chemical bond in the interface.
Liu et al. [7] used the pull-out model which, based on both van der Waals and electrostatic interaction, numerically studied the interfacial mechanical behavior of CNTs and alumina, but this method is limited to temporal and spatial scales and can only be used to solve the fraction of the interfacial mechanical behavior.
Both Jiang et al. [8, 9] and Lu et al. [10, 11] established the nonlinear cohesive law for the CNT/polymer interfaces directly from the Lennard-Jones potential for van der Waals interactions. Chen et al. [12] used COX model to analyse the interfacial characteristics of CNTs reinforced aluminum oxide nanocomposites. Xiao and Zhang [13] analyzed the stress transfer efficiency of a single-walled carbon nanotube in epoxy matrix and manifested that a smaller tube diameter has a more effective reinforcement and there exists an optimal tube length at which reinforcement is maximized, and there is a greater stress transfer efficiency compared with solid fiber.
In this paper, a micromechanics model is provided to predict the interfacial behavior of multiwall carbon nanotubes (MWCNTs) and the crystal lattice structure ofalumina since MWCNTs are widely used as reinforcements in nanocomposites. The van der Waals interactions between a carbon atom and a -AlO 2 unit are given, as well as between a pair of carbon atoms. The effect of MWCNT radius is neglected to establish a cohesive law between multilayer parallelled graphenes and -alumina based on van der Waals interactions. The stress distribution and the stress intensity are obtained by improved COX model. From cohesive low and COX model, the strain rate of nanotube-composite is given when the interfacial slip begins to occur through van der Waals interaction.
The Stress Transfer Efficiency between SWCNTs and Matrix
As the reinforcement of hard brittle material, such as Alumina, the weak connected effect of the interface between CNTs and -Alumina plays an important role. Generally, the interaction of atoms between CNTs and -alumina is provided by long-range potential, such as Lenard-Jones potential, as follows:
where is the potential energy when the distance of two atoms is ,
6
√ 2 is the equilibrium distance between the atoms, and is the bond energy at the equilibrium distance.
The crystal structure cell of -alumina is shown in Figure 1 For nonboundary interface,
For boundary interface, the cohesive energy is obtained by a banding area of CNT.
Given is the overlapping length. Consider
Ignoring the higher order indefinite small value of (3), (2) and (3) have the same result of equilibrium spacing ℎ and can be given as
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The partial derivatives of ( , V) are easily deduced from (5) and (6), respectively. The normal stress of nonboundary and boundary interface is given as
The shear stress of nonboundary interface is 0. For boundary interface, the shear force of bonding area is given as
So the average shear stress of boundary interface is given as
where C = 4/3 √ 3 C 2 and C = 0.142 nm. Al = 6.969/nm 3 and O = 6.195/nm 3 are the volume density of aluminum and oxygen atoms number of alumina, respectively [14] . C-Al = 0.4028 nm, C-O = 0.392 nm [15] , C-Al = 0.0038 ev, and C-O = 0.0058 ev [16] .
The cohesive stress of the interface of CNTs and alumina is achieved by substituting the above parameters into (7) and (9), respectively. For short fiber reinforcement, there is only one free edge produced on each CNT's end, and the material can be supposed as an infinite along the -axis. So the practical value of shear stress is only 1/2 of the result of (9) .
From Figures 3 and 4 , we can find that the normal stress intensity of CNTs and alumina material is about 240 MPa, the average shear force of bounding area is about 27.5 MPa⋅nm, and the cohesive shear force is concentrated in CNTs' ends. The normal and shear stress intensity of the interface that is provided by van der Waals force can be achieved through the above analysis.
Stress Distribution of CNTs and Alumina with Shear-Lag Model
A RVE is taken from nanocomposites. Considering a perfect interfacial bonding, the COX model is changed by a hollow of SWCNTs, as shown in Figure 5 . The stress of CNTs along tube length is and the shear stress of interface is as follows:
where is the strain along CNT's length, is the length of CNT, is the shear modulus of matrix material, is Young's modulus of CNT, is the radius of RVE, = ( 2 2 − 1 2 ) is the cross-sectional area, and the value is 2.8413 nm 2 with the parameters of = 3 nm, 1 = 1.16 nm, and 2 = 1.5 nm. The above formulae will reduce to the original COX model when the value of 1 is zero.
In the following calculations, we take = 1.0 TPa, = 143.44 GPa, and = 0.0686%, which is the ultimate strain of alumina material [17] , and / 2 = 7.236 from / 2 = ( /4 ) 1/2 , where = 1.5% is the volume content of CNTs in composites. = 2 − 1 is the thickness of CNTs, where = 0.34 nm. Figure 6 shows the tensile stress distributions in various tube lengths. There is a maximum value when the length is longer than 30 nm, and the value exists in the middle of CNTs. The shear stress of the interface between CNTs and alumina is concentrated in the end of CNTs. In the condition of the strain rate of material achieved to ultimate strain, the shear stress of CNTs beard is about 0.06 GPa. The shear stress distribution of the end is not effected by the length of CNTs (shown in Figure 7) .
In order to compare to the maximum value that van der Waals force can afford, we make an integral of shear stress to the bonding area along the tube length as follows:
And then line = 28.69 MPa ⋅ nm > 27.5 MPa ⋅ nm.
Equation (14) shows that shear stress in perfect interfacial bonding is more beyond than that afforded by van der Waals force, and slipping has occurred. So the ultimate stress afforded by van der Waals force is defined as the static stress limit.
Substituting the result line = 27.5 MPa ⋅ nm into (13), we can obtain a simulated result from (11) and (13); the strain limit of nanocomposites is taken out as follows:
The tensile stress of CNTs and shear stress of interface are shown in Figures 8 and 9 when the strain rate is smaller than 0.0091%. Figure 10 shows the relationship between volume content of CNTs and tensile stress. Figure 10(a) shows that the tensile stress is decreasing with the increasing of radius of CNTs when the volume content is constant. Figure 10(b) shows that the maximum tensile stresses value can be achieved when the length of CNTs is longer than the effective length.
Conclusions
Based on multiscale method, the interfacial mechanical behavior of CNTs-alumina composites is analyzed. The interfacial stress is discussed by using cohesive law, which was reformed by using the crystal lattice of SWCNTs andalumina. Based on van der Waals force, the maximum normal and shear stress are achieved, respectively. The tensile and shear stress distribution is achieved by using improved COX model. Giving a perfect interfacial bonding and long enough tube, there is a maximum value (0.68 GPa) of tensile stress under the biggest strain (0.686%) that the matrix can afford. The maximum value of shear stress exists in the end of CNTs. The integral of shear stress to the bonding area along the tube length is made and compared with the shear stress provided by van der Waals force. The result shows that the ultimate stress afforded by van der Waals interaction is achieved when the strain rate is 0.0091%, and the interfacial slip begins to occur. The simple analysis is used as a basis of regulating suitable interaction to adapting to different situations.
